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This Fifth Q,,arterly Aeport and Final lReport on Contract AF 04(694)-259 ,..•-:-•

summarizes previousi•j reported theoretical and experimnental work arid includes •

unreported work on cratering and penetration.

Work is reported in six areas as follows, ""."'

1. Enrg PartitioningL in Impct Tech~niques and results are summarized ••.D:..

;"-.r'" f~~Ior measurements of target heating, target= mass loss, spray energy, -.--- ,-".

:.., ~~~~and recrystallization and strain energy frogress is repported on ,.......-

-.- ~~the measurement of transient temperature d:stributions in impact .. •

and on. the measurement of ene rgies involvedl in deformation. The [2ii•2ili

conclusions of a brief theoretical sgtudy off shock heating and its i"""""

comparison with observed target heating are given.

'•" ~ ~~2. Material Properties. 1he formulationi of a general equation de- .--. "-

•" "2-'i ~ ~scribing the relation between pressure, specific volume, and in-/''•..--''-

S~~ternal energy of a material is reported and the comparison with -

i:'" ~~existing data for gases, for static compression of liquids and •'"•°

metals, and for shock compression o• a-e- aL-s- is reviewed. New .7ork-':"_"--.

on energy-storage transitions is reported- nt A-5

3. Wave Motion in Impact. Theoretical and experimental studies ofinclude.

wave notion in idealized systems which u be described by one.-

space variable are summarized. It eo fo=n that the product ofsumarized

stress, velocity, and area is consgtantat mt5e wave front. Playne i:-.

shock rave propagation is discussed and plots of pressure-velocity-:.':

t arelations for six metals are given and their utility in impact

a:net e-if o

coclson o bif hertia s.dy.'.sockheaingandit

""""-""• "" """'"' """"""~~~~~~~oprsnwt obevdtre heat -"-.-"-."' give."''.-".".-".''-,i,' --- """'''"'



"4. Transient Measureents in Impact. Work on the measurement of

"• ;subsurface pressure waves using buried barium-titanate pressure-

"'," ~ ~transducers is suinmaxLzed along with uncompleted work on surface-•.-."-=

wave motion. 

".'";' . ",

= .'5J° 

., -. °- °. -

S5. Spa-aril Generation. Work on the role of spray particles ." -••-=

"'in impact flash is summarized. A preliminary report is given on

.. , ~ ~~~the generation of spray particles and material flew in the pene- •,.°.-.

-. 3. 

°.°° ,%

tration of thin targets. 
.

"6. I mracn ien . Work on correlating impact parameters u ith moter ial

Ssusfvelocity 
and with the prduct of pressure velocity and area iss

.. • ~reported. The best correlation is with velocity but this is not••.

"satisfactory. A kinematic theory of lead cratering is summarized.

5 SrPThe need for additional data on thterial flow properties is pointed

out.

It is concluded thet significant new intormation on the details of

the i vpact process has been found and new techniques of measurement de-

v cloped. Recommendations fo or rel tork in wite abo c te areas are made.

.°. . -
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I. INTROD1TIC -

The purpose of work done under Contract No. Ap 04(694).-2 h as., -.-

been to develop theory describing the phenomena which occur during high-.

velocity impact. The theory must be general enough to include all pheno-

mena of importance in target damage and spray particle generation and must

be applicable to a wide variety of materials and conditions. The behavior

of single and two-layer thin targets was of particular interest, although I.

the actual work concentrated on investigations of cratering in semi-infinite -

metal targets. This emphasis occurred because of the necessity of building

on the great amount of experimental and theoretical material available for

thick-target impact. The plan of investigation used in this research has

been to begin with simple, idealized models which illustrate various phases

of the problem and to study their behavior experimentally and theoretically.

These models are then modified.4nd combined in the formulation of more

comprehensive models. In carrying out this program, work was done, and

progress will be reported in the are-s as follows:

1. The investigation of energy partitioning in impact and the develop-

ment of theory based, on this.

2. The investigation of material properties and the formulation S

of suitable mathematical descriptions of material-property be-

havior.

3. The investigation of wave prcpagation in various systems and

materials of interest in high velocity impact.

4. Measvrements of transient behavior during impact.
I%

5. The investigation of spray-particle generation. r

--- - -..............----....
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6. The development of theory.

Ihese research projects have resulted in the generation of considerable

fundamental information of interest and value. The projects were necessarily

limited because of the time and manpower available, and engineering appli-

cations of the results, unfortunately, could not be made. The reports pre-

pared during the contract w1,1 be listed in Section 2. The individual

projects will be described and progress reported in Section 3. Reference .

will be made to previously published repqrts and their contents will be

briefly summarized. Unreported work in each project will be given.

As with any fundamental research in a new area, much of the work has

been exploratory and uncompleted. Recommendations for future work, based
:,

on the achievements of this contract, will be made. During the last quarter

of the contract, several projects were instituted which could not be com-

pleted as far as expected. A recommendation for a brief program to further

complete these projects will be made.

2. REPORTS

Five quarterly reports including this one have been published and

distributed under the contract. Four technical documentary reports have

been prepared and distributed. They are:
Absolute Luminosity, Size and Velocity o Individual Laboratory Micro-

meters by J. C. Bryner, E. P. Palmer, and R. R. Kadesch, Technical
Report 11-10, BSD-TDR-62-270, July 1962.

Stored Energy of Compressed Metals from Shock and Static Tests by
N. P. Bailey, Technical Report UI-il, BSD-TDR-63-112.

Wave Front Solutions in Linear and Nonlinear Media by C. E. McDermott
and N. P. Bailey, Technical Report UU-12, BSD-TDR-61-131.

-2-
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. . . . .

STress-Time Measurements in Hith-Velocity m by S. N. 7a"y"r,

F. P. Palmer, R. R. Iadesch, Technical Report UU-13, BSD-TDR-63-152.

These reports have provided the material for tbree Ph.D. theses, one

Hasrers thesis, and two Bachelor Theses. It is expected that oue additional

Ph.D. and one Master's thesis will result from this material. An addit'onal

"technica! documentary report coamoining and analyzing all the data on energy

partitioing is contemplated if the contract can be extended for a three-

:" ~~~month p• ."..
-:. ~*,. €...:

3. PRWEC-S

3.1 ner Partitioning In •'mact

Tis project is concerned with determining the distribution of energy

among the various competing processes occurring in cratering and penetration

and with determining the effects of different material properties, geometry,

arid is3pr velocity on this energy distribution. The purpose is to provide -...

informatiza necessary to formulate impact theory from models which adequately

descrite the physical processes involved.

In mhe fo.r previous quarterly progress reports, details relating to the

exper-,i-.:ai determination of energy distribution for the impact of steel

spheres inro lead targets have been reported. In this work, it was assumed

that the kir.etic energy of the projectile is partitioned into three categories:

1. Eaergy appearing as heat in the target.

2 nergy leaving the target with spray-particle material.

3. Energy associated with recrystallization or appearing as "locked-in" -.$ -"'

strain energy in the target material.

The disri-bution of energy in these three categories has been determined for

-3-
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,,:,~ ~ ~ ~ are • Heating. The method of determining the fraction of the pro~jectile '.2-•;•2

:•'-" ~~kinetic energy appearing as heat in the target• was developed under Contract "". . ..---

,7- ~ ~~AF 04(647)-942 and preliminary results were reported in Technical Report ,..,\,

SBSI-TM•-62-185. Complete results up to date are given in the Third Quarterly

Report under this contract. The method used to make. these measurements coa- .,.--,,

- ~~~sisted of using a target block as a calorimeter and measuring its temperature .o,,:

":" rise with a thermocouple imbedded in the target material. This temperature

°--'-- -. c o - .- -

,. 0o

.- , ~ ~~rise was then related to the energy and compared to the projectile kinetic -- '..,.

r c. Spraa-Particle Energy. The energy associated with spray particles

-as measuret by using small lead boxes as calorimeters in which the spray .

S•~~aterial was caugtiL and the energy involved computed from the resulting • _

"temperature rise. Again, thermocouplas were used to measure the temperature

"changes. This work is described in the Second Quarterly Report. Report"V

• ~ ~The spacial distribution of mass loss in spray particles was investi- • •

-- 'gated by catching the spray particles in a d emaregive ihel Th id o Q gelatenl

p recovering them.. This work is described in the First Quarterly Report.

itiSpray-particle veloccties were roughly measured using spark-shadow-t-

"graph pictures of therup imTbs reported in the first quarterlye

•2"• •~~eport.-'.'.-'.

•',, ~ ~~Attempts were made to measure spray-particle momentum with a ballistic •--...

"--:, ~~pendulum6 Difficulties involved in using the small target vacuum tank "::•::-

""iaailable made this impractical at the time and thes project was abandoned.

.'." ~~Spray-particle velocities were measured using particle detectors. The"-'-L_•-'

presence of small fast particles, with the large slow parti s iclh makes

.N:.wa manr° yusn sal ea oxs scaoimtesinwic tespa

,'eralws aui' ndth negyivove-czp"edfomth'esltn

tempratue rie. Aaintherocoules ere sed o mesurethe empeatur

:;,, ... .. ....anges . .This.work is described in ..he .. Secon Quarerl Reor.. ,, ..-. , .. .. , .,,..

• - -.-..',.,..... The., spac.-i.. distributio of., .- ass, loss..... in -spra particle was -. nv.-.st-- ..-.- _.__._..- _. _ ,



S-_________-__, ,- _ - _ - - - - - - ---_.-- ----__~- . •-..1

-. • u• the bulk of the spray, -ade these resalts tawalid as far as es-"-rih,-

"energy d-istributions in the spray material. This project was abandored.

"- Velocity measurements could not be made accurately enough to allow a

determination of the relative amounts of thermal energy and kinetic energy .

in spray material. It was only determined that the majority of the energy

leaving the system as spray particles is in the form of kinetic energy.

SjJ ization and Strain Enerney. The fraction of the energy

associated with recrystallization and strained energy was determined by

shooting a projectile into an enclosed cavity in a target block used as . . ..

a calorimeter. Under these condýtions all of the spray-particle energy

is contained in the target and converted into heat and the difference between

the energy appearing as heat and the initial kinetic energy of the projectile

represents the energy-going into recrystallization and strain energy. A

slight correction must be made to account for the strain energy produced

by the spray particle impacts which would not ordinarily appear in the

target. This work is reported in the Third Quarterly Report.

A summary of the energy-partitioning work was presented in the

Fourth Quarterly Report. This shows that the fraction of energy in each

of the major categories changes with velocity. For this reason, it was

determined that additional data should be obtained at velocities above

2 km!sec, which is well into the range of fluid-like impact for lead. In

order to do this, a light-gas gun must be used, so considerable time was

spent during the fifth quarter in preparing the light-gas gun for operation.

Unfortunately, this could not be completed and no data shots were obtained.

During the quarter, target calorimeters were prepared to obtain this data.

It is expected that it can be obtained in a short additional time either * .I -

5



through use of the tight-gas-pm facility at Utah Resetrch and DeveIopieft

Company or using our own gun.

Although these data are only for lead, they represent the first explora-

tory work into the important area of energy partitioning and provide the

"first valid basis for the extrapolation of theory to new conditions. They

p-.vide an additional body of data for testing theory besides the large

amount of information on hole size and shape. -

Transient Target Temperatures and Shock Heating. A project to measure

the transient temperatures throughout a target during the cratering pro-

cess was begun. Its purpose was to provide a means for determining the place

of deposition of energy. This provides a means of testing any theory which

purports to give wave strength at various places within the target or

other details of the transient phenomena involved. Preliminary work in r

this area is described in the Fourth Quarterly Report. During this report

period, additional targets were prepared and data were taken. Consistent

results were not obtained and results cannot be reported at this time. The -.

principal difficulty experienced was that of being unable to obtain suffi-

"cient gain from the available amplifiers to record the output from an in-"

dividual thermocouple. A high-gain, fast-response amplifier was obtained

but could not be put into operation in time for results to be reported

"here. Recommendations for an extension of this work will be made in Section

5.

"Some experiments were conducted to attempt to measure the target tem-

perature in the flowing surface of a forming crater. A tiny thermocouple '"'
was imbedded in a target and arranged so that the eroding crater surface

=.•would contact the thermocouple wires and form the junction. Inconsistent

. . . . . . . . . . .. ' ...-. -



xesults were obtained in the few -shots, made. Indicated, temperatures tanwA ~ ,

from a few hundred degrees up to those expected behind a shock wave at the ,.-

impact velocities used, or 13300 OK.

The preliminary results obtained as to the place of energy deposition .

in impact led to the suspicion that shock heating, which is the only means

of heat genieration in an invisid-flow theory of cratering, is inadequate

to explain the highly localized heat deposition observed. To Oheck this, I

approximate calculations of the expected shock heating were performed and

were reported in the Fourth Quarterly Report. It was concluded from this

that shock heating could not account for the observed temperature distri- .

butions in targets. It appears that another energy dissipating mechanism

exists comparable in magnitude to the shock-heating mechanism. It was

"surmised that this has to do with the energy needed to break bonds and -

cause material to flow and the frictional energy involved in flow. This

is an area in which much work has been done on the coubined stress-strain

and flow properties of materials such as rubber, asphalt, resins, etc. at

relatively low velocities. Its applicability to high-velocity impact is

limited because of the materials involved, the velocities used, and the lack

"of a comprehensive two-dimensional theory of flow to describe the results.

No comparable work has been done for the conditions of interest in high-

velocity impact. .

A careful determination of surface material displacement was made for --

one case of impact in a lead target. This work was reported in the Third

Quarterly Report. It again indicated the highly localized deposition of ... .

energy in impact. The information was used along with other information . ''

* from energy partitioning in the formulation of a kinematic theory describing , .

..............................-..........-. .. .. *• .-.......-.-..-...-.......-...-..-.-.. .. , :,•".-.-_



crateing fLor the case investigated- This is iIiscssed in Section 3.6 be.- •

low.

Energy2 of Defornation. To explore the possibility of measuring the

actual energy going into deformation in high-velocity impact, a new pro- ._

ject was initiated during the last quarter.. If a cylindrical projectile is

shot against a similar cylindrical target which is stationary but free to

move, the target and projectile are equally deformed and a measurement of .

impact velocity and the knock-on velocity of either the target or projectile

allows the amount of energy going into internal energy to be calculated.

The impact velocity tost be low enough so that no mass is lost from the

target or projectile. rrom che following equations, it is seen that a

simple measurement of the ratio of impact-velocity to target-velocity

allows the fraction of energy going into internal energy to be calculated.

For a cylinder of mass m impacting a similar cylinder, the momentum

equation is

.'- %. , •. - %~._

a .V m u + mu2

v
1 

= velocity of projectile before impact

uv = velocity of projectile after impact

u2 =velocity of target after impact

The energy equation is

1 2 1 21 2 -2.
mvu +-m +fu mv2 1 2 + f m

where f is the fraction of the original kinetic energy which appears as

-8-
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intzaewl energy oi the target and projectile. Elizainatin& u, and a2*aing

for f gives .. ..

2u2 2u
f 22. '

1 21"v12

By relating the observed deformation and the observed energy, an insight

can be gained into the actual energy involved in deformation and in impact. 4, -__

The program was to shoot projectiles of various materials and various

lengths at similar targets over vel9cities ranging from that where the

impact is purely elastic up Eo velocities where material is lost from the

target-projectile system.

To make the measurements of projectile velocity and target velocity and

to produce a precisely aligned impact, the system shown schematically ih Fig. 1

was developed.
During this report period, the system was tested, and the gun and gun-

barrel velocity-measuring system were found to work successfully. Precisely

controlled and aligned impacts could be obtained. The target and projectile

could be recovered undamaged. It was found that velocities up to 1.5 km/sec

could be used successfully with copper rods. Throughout the test period, the

target velocity was not measured successfully. The tests were conducted

in the open air and shock waves caused false timing signals, grid wires

stretched before breaking and other difficulties prevented the obtaining

of correct velocities. This work is believed to be of considerable impor-

tance since, as far as is known, it represents the first attempt to measure

the energies involved in flow under the high-pressure conditions met in

high velocity impact. This experimental work will be continued and an

C -. *- ! -.- -
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analysis of the data made if the time period of this contract is extended.

This simple experiment could be extended for considerable additional uee- -"---

ful. information by using high-speed photography to observe the deformation -. ...- ,'.

as it occurrs and possibly-by using calorimetry to measure the heat in-

volved and to determine the fractions of internal energy going into heat

and into strain energy.

3.2 Material Properties K .

The goal of this project is to be able to describe material properties

under conditions met in high velocity impact by general mathematical ex- -- ..

pressions instead of by tables of numerical data. With simplified descrip-

tions of material properties, more complex porcesses may be successfully in-

vestigated. In any isnestigation of flow phenomena, no progress can be made

unless the material involved can be accurately described under all of the

conditions met in the problem. Consequently, one of the major goals of

the work under the present contract has been to obtain useful descriptions

of material properties. This effort has been notably successful in that

anseq~ation of staterhas been discovered which is generally applicable in

the compression of gases, liquids, and metals from low pressures up to the

very high pressures involved in high velocity impact. The equation is of

the form

u k
S~~~~~~pv .=----.---

where u is internal energy, p pressure, v volume, and m and k are constants.

It was* found that this equation describes the compression data of Bridgeman

S-, ./ ,*. . -. .,,.
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i ~ . -. °o. °

and the Los Alamo shock-compression data for metals. It also describes the

Bridgeman compression data for liquids. The theoretical basis for tft A'..,

equation has been developed. This work is reported in Technical Report

ULT-1I referredL to in Section 2. . . -

After the publication of this report, it was discovered that the

equation is not strictly valid for processes such as adiabatic expansions .*.-.'. :..

involving p and v separately. It appears to apply generally where the pro-

duct pv is involved such as in shock-wave compressions. This general

equation then serves as a complete equation of state for gases over certain

limited regions and possibly other materials. At the present time, however,

it can only be used as the eqution of a particular process; in this case, -.-

the shock compression or the ",itatic compression of metals. The limits"- -

of its validity are unknown beyond the data available. A further work of

greatest importance is a further analysis of this equation to understand L"Ja

its complete significance in order that similar equations can be developed

for other processes. Its simplicity and utility spur the hope that similar *""" '"'

results can be obtained for the other processes.

During the past quarter, the energy-storage transitions, denoted by

changes in the value of k for a given material, were investigated more

fully. The results of this work are reported in Appendix A attached to

this report.

3.3 Wave Motion in Impact

The transport of energy in the impact region by means of wave motion -

is of fundamental importance in impact phenomena. A program of theoretical

-12-1 "."% " -. • " " ".'• "
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and experimental investigation of wave motion for a variety of materials for : '

various impact geometries was undertaken. The goal- was to provide bs•.c

understanding necessary for the formulation of accurate theoretical -"

models of the overall cratering and penetration process.

Analysis of Idealized Systems. One project carried out in this area

has consisted of the theoretical and experimental investigation of simpli-

fied systems which could l-e analyzed. This work has been completed and

reported in Technical Report UU-12 referred to in Section 2. The work con- -

sisted of the analysis of waves in linear materials for a wave propagating

down a bar, along a cone, along an exponential plate, in a radial direction

in a cylinder, and in spherical geometry. Wave front conditions were analyzed ..

under the approximation that the wave could be described by one space variable

and remained plane in the case of the bar, cone, and exponential plate.

With these assumptions, it was found that the product of stress, area, and

velocity at the wave front remained constant for constant-velocity or con-

scant-pressure impact conditions. This allows a great simplification in

the description of wave propagation. For the case of plane waves in non-_

linear materials such as a gas, it was also found that the-product of stress,

area, and velocity was c instant.

Shock-Wave Properties of Metals. A second project in this area, which

as been previously unreported, consisted of the calculation of shock-wave --

conditions for the impact of two dissimilar materials using the equation

of state derived under the material studies. This work will be-reported

here for completeness since it provides a useful body of'data for anyone

concerned with impact problems.

Figure 2 shows the system considered with the usual variables of wave

-13-
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?rojectila Targer

a2 - ul 30 U 0
u3 2O

P3 l1/v3  P2 m 1/v2  P~i l/v1  O IV

3.
0  p2 pI p 0

e0 el e-0 ~.

Fig. 2. Variables for plane Imipact of two materials. Labora-
tory frame of reference.

velocity UT, material velocity u, density P, pressure p, internal energy : -

e, and specific voln V. Note that u is used for internal energy in

other sections of this report. The context makes the usage clear. ..-

The shockc relations for the target material (subscripts o,. 1) are

as follows:

mass:-

Polo =& "D11

U0U

Pi 1

-14-



defiire

0 0 ~

orI

p~ Pi

Force:

p 1 uI (u 1 - 0) W-pI 4

using Eq. 1

P I Po UO u (5)

Energy: .- ~

2~ 1e)(Ul UO) -P1 u

using Eq. 1

P1 u1  (2 1 u+e 1)()

-15- -



using .-..- T--- --

2o uu2 O ka + e

p0 U~ 2. -o "0 (3u.+e 1 )

1 2

as follows:: I U2 • "'..-'-.-

32 (u2  -U2) .3 U3 U2 )

2 3 - 2u

3 u 2  U2

2U 2  2 U 2 u3 u3 -3 U2  (9)

-P P2') U2= p3 u 3  P2 u

2p-p 3 •2 " (

define . .... ..

p2 - 3  " 2

* - ;. .. .-..: . .. .

P3 2

-16-
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using Eq. 10 and Eq. 9 and the fact thatu 2  u1  - ........

u219

Force:

3 u3 (u 3  U2 ) -2 u2 (u2  "")'""

using Eq. 9

3 U 3 (u 3  ' 2) P2 u 2 (,u 2  '2) P2  P2___

3 (U 3  U2) 2 (u "u) 2 (u2 - u• 3 3 (u 3 - 1 27

SU -..(12)
3 2 2 2 ..- ,-.U2) -3

Energy:

03(2 )3 (u3 U21 P2 (2" u2 + e 2 )(u 2 - U,= p2 u2 (13).

2 u.

using Eq. 9

3 2 u 3 (3 "- '2) 2( u2 +2/V' 2  U2) P2 2 2u2,

3 (U 3 U 2) - . 2 (u2U2) P 23

"12 1 2 2 P 2 2 p2 u2  (14)

-17-
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V.-~~~ 1% -%%- ''

using Eq. 14 in Eq. 12.

1 2 12 u2)u u2 u. 2

e2 -" 2u2 3+ u 2 u3 u

".4• " ..

U (15)

The Hugoniot equation may be written as follows

C 1 2 00\ I 2 i( -i

0 0

If e° p Po 0",""""

0 'o+. " "4 """+.-*

kUsing this relation, the Bailqy equation of comptession elpv me (see

Section 3.2) may be written in the form ---

S• .C ° - - o

Slv 2 " "

*- .'. =-4...-
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Thus .9., " "-

1-e

{ ~Pl kl O

P -M"eI +1 -(16)

S2 3 v3 2
"P2. _ 1-Me'2P3  V2  2

P2  k
2 +1

3  e2 + 1 (17) .- ' . ,.

These equations, which essentially describe the material in the compression

process, can be used to solve the various shock relations in terms of one

unknown. As will be seen, it is convenient to solvd for the unknowns in '-

terms of the material velocity.

For the target material we have the following equations:

Using Eqs. 16, 3, and 8

7-1

01 1 lel ui
= l (18) "'''"" ":•

,'. . : . '.% '.\ .
•.e• •~-. .'.-.-.v-:•'•

S 1...P I

-U (18 a ) " , . .,"" "- '-
o0• 2), kl1

11 Ul .,.-. .. , .,
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defiLne 

'

(19)

u (20)2k,)
I.JuI

Using Eq. 20 in Eq..5

24

p 2ku (21)

Using Eq. 20 in Eq.*

U

P, Pa V 0 1o u
1 3 0 U1

0

1+ 1k

Lu2k1

L 1 0

1- - L + Po~ (22

2k 1____
L Lu

2k



The sanie procedure miay be used f-ur the projectile material. U~sing Eq. 17

u1 P2 _ i 3 _uI.M 2 e 2 '1) u3
U kZ (23)

M2e2

K *k
1[ 2 3+ 3 (23&)

u,2[ ul)2]2

define

M D- (24)

U {L 2(u k 1 ~+1
L -u

2 L~2 [(u3 -u~

2 1 k21
U [L 

(215)
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Using Eq. 17 inEq. 12

J.,

Su~ (*+ _) (26)

P3(u3P2 P

from Eq. 26

V2

P2~~~~~u 3-u )[3(

u3~u

-u uru3-a)+ 2 j

3( [(u3 u)+..

-2 2- 
*.

ZI' p .l +
P2 3(u .D (F3 2k.. 4. . . . . *.4-



2 1 _'. _ . .. -

P2 inP 3 (U3 .133  + L 2k

'p.2 2
(u 3 -ul) ~..

= 3u -l21 + 1 k (27)

L2(03 -ý

Using Eq. 25 in Eq. 9 we find

k

~ ~ [( 3 - DJ+ ij(28)

It is seen that. the equations for energy, pressure, and density in

target and projectile are symmetrical in u.1 and n-u 1. (Compare Eqs. 8 J

and 15; 21 andl 27; 22 and 28.) Because of this, a single plot of any of

these properties. versus material velocity may be used for a g~iven material

considered as target or projectile.

if Eqs. 21 and 27 could be solved simultaneously, all unknow~ns could

be determined in terms of the impact velocity u. 'This can be done graphi-

cally from a plot of p vs. uor u-u 1 for the target and projectile

materials. A projectile pressure, p, is chosen and tbe value of 03

-23
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found. The same p is used an*~ the target a1 is found. From this,. 03 -

can be- found- .The process is repeated until, the correct impact veIeefty

11 is found. - If target and projectile are of the same material, the

-- equations are simiplified since "1 a 12, and a graphical solution is

not necessary.

Plots of pressure vs. U3 or u, are given in Figs. 3to

for Pb, Fe, U, Mg, Al, and Cu. The values of M, k, and L used are Im-

dicated in Table I.

Because of the work being done in the laboratory on impact inot

lead, plots of shock velocity and material velocity in the target

were prepared for the impact of these materials into lead. Thesear

shown in Figs. 9 to 14.

Cpnsiderable work was done on the development of analytical so&*-

tin frrflcedadother distributed waves. Progress was made a" the .*..

approximate methods of describing such waves were developed. This Ik is -

*2 -

.- 2-
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Table I

-..,..o

Values of X, k, and L for Eqs. 16, 17, 19, and .. .
24. Use of these values gives good agreemaent
with Los Alamos data. Comparable values can be
derived from data in Technical Report UU-11 (See
Section 2). c.g.s. values' are used.

lb Fe W Mg Al Cu

H 4.62 3.78 6.51 7.46 5.00 6.47

x 10-1x 1I0-x10 x -6 x I07 6

k 0.403 0.389 0.469 0.458 0.468 0.469 '

S... ."--< - - -,l, , _ _l 3.49 2.885 4.71 5.43 3.62 4.67 """ ""'.....'

'15 x 10-5 x 10-6 x 106 x 10-6 "'c""" "

x 10

25.

S- ~25 -
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of fundamental importance in discussing thin-target impact. Unfortunately______

the limits of validity of 09~ work were nat ascertained and the work baa

remained uncompleted. Thl. is an area of considerable importance for further - .

research since useful, engineering calculations depend on the delelopment of

simplified theory and approximate methods of describing the physical pro-

cesses occurring.

Impact Scaling Laws. A third project in this area, also previously

unreported, has been a check on various scaling laws which have been sug-

gested. In Lhe Fifth Hlypervelocity Impact Symposium, R. L. Bjork proposed :-;..

a scaling law relating the penetration produced in a given target miaterial

by different projectile mate~rials to the density of the projectile materials

and the material velocity produced in the target. The law took the fora

(P/D)B 2u1  P /

''(P/D) B 4 B U 3  0

where (P/D)A~ is the ratio of penetration to projectile diameter for

projectile material A into target material B, and (P/D) is the same

for target and projectile of the same material. Velocities and densities

are the same as used above in Fig. 2.

To make this check, tile quantity (2 u1 3 ( 3 p) 1 /as comute

for the six materials used previously and the results plotted vs. impact

velocity in Fig. 15. These results are in general agreement with Bjork's.

Experimental data are also shiown for these materials impacting int-o lead..
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It is seen that agreement between experiment and theory I& goo& for impact

velocities around 2. kmlsec where the. best data are available, althou&h the L .

different slopes of the experimental and theoretical curves make th•e raw -.

suspect. Projectile strength can account for the wide disagreement at

low velocities. .

An attempt was made to compare the scaling predicted by Bailey i. '

Technical Report UU-l1, (See Section 2), which relates crater formation

to the "transmitted energy," plu1 x area. It was found that the inverse

square variation of transmitted energy does not predict the velocity de-

pendence of cratering actually observed for given materials and the ratio

of different materials to lead is not good.

3.4 Transient Measurements in Impact

This project is concerned with developing techniques and instrumenta-

tion for observing transient phenomena occurring during impact. .'"'.'.-.

Subsurface Measurements. A major project in this area has consisted . .'-.

of an investigation into the use of piezo-electric crystals buried in

the target to measure sub-surface pressure transients. This project was

"essentially completed and a report prepared, Technical Report UU-13 referred

to in Section 2. It was found that small barium titanate pressure trans-

ducers buried in the target allowed the measurement of transient pressure

waves. The method gives information about wave propagation and stress

levels in elastic and plastic waves. The method holds great potential for -'-:-

obtaining results by using various other materials as transducers.

Surface-Flow Measurements. A second project in this area has consisted

-40-i~l " "•-:":-:•-
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.. of using surface photography and shadovgrap'i photography to obtain infor-

mat ion about transient flow. eor this work, various light soucesý have

been developed using relatively standard techniques. Barium-titanate.-
"capacitor spark-gap sources, translass-on-line spark-gap sonrces, -m -

underwater high-pressure arc source have been developed. During the past -

quarter, a Kerr cell shutter was developed for use with these sources.

"One project involved the investigation of surface motion, particularly the

propagation of waves, by observing the reflection of bright light sources

in a highly-polished surface during impact. The problem was analyzed,

light sources were developed, arrangements were made to borrow a rotating

mirror streak camera for the photography. This project was abandoned when'

it was learned that the contract would not be renewed. No consistent

data have been obtained using surface photography although several iso-

lated pictures have been taken, This is an area worthy of considerable

further research, since visualization of the processes occurring is essen-

tial before adequate theoretical models can be developed.

3.5 Spray-Particle Generation

This project is concerned with understanding the factors which deter-

mine the spray particle field generated on both sides of a thin target--

during high-velocity impact.

Impact Flash. During the first quarter of the contract, some time*- -- -'

was spent finishing a project begun under Contract AF 04(647)-942. This - -

project was concerned with observations of the generation of the tiny fast -

spray particles which appear immediately at impact. These particles are ..-

41 -
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primarily resp Ible for the impact fl9sth for impact in air. They are

,- .relatively uninprtant in considering thd overall mass loss or energy loss • 0

* : in impact. They are important in variou type. of Impact detectors and

as a laboratory tool in meteor-physics studies. A report on these. particles ,

,! and on their relation to meteor physics to given in Technical Report UU-10__.

referred to in Section 2. An abstract Is givem 1n the First Quarterly ......

Report.

Thin-Target Penetration. A second project has involved shadowgrapb
i ~ ~~~~~~~Preliminary results have b e b a n d - -. '-.'

studies of thin-target penetration. e been obtained

for lead targets and show the generation of spray material and the propa- .

gation of deformation. Various velocities have been measured, pressure

decay calculated, and the general phenomena observed. A preliminary re-

port on this work is included as Appendix B attached to this report. ,. ,., .

Further work on spray-particle mass and energy distributions was planned

based on the techniques developed in the energy-partitioning studies. -222
*' .' -. -- U..•w

These could not be carried out because of lack of manpower. "-'--

3.6 Impact Theory 1 1

This projtct is considired to be the summation of all the others and

has consisted of observink the impact process in selected systems and for- ..

mulating theoretical models to describe it. Work in this area has ranged

from a formulation of simple correlations between observed impact para-

meters and observed crater parameters to attempts to formulate simplified L%

dynamical models of the overall process based on the laws of fluid flow

uand material properties. An example of a correlation law is given in ."..,

-42-
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Technical Report UU-ll where the "transmitted energy" (pressure times

velocity) . correlated with hole size. This correlation law is valid over - I

a very limited range but fails at higher velocities. Evidence from previous

work an& from the decay of pressure in thin targets indicates that pres-

sure decays faster than would be concluded by assuming constant transmitted

energy. i
A kinematic description of the cratering process in lead was developed

in connection with partitioning measurements and presented in the Third

Quarterly Report. It is believed that $uch a model could be generalized

to other materials although this is impossible at the present time be-

cause the necessary detailed data on energy division and on the cratering . . .. I

process are not available for any other material. The main utility of this

work is probably in serving as a guide for the development of a further

dynamical model which must give the results obtained in this instance.

Considerable effort has been spent in attempts to develop suitable dyna- -. 9...

mical models of cratering. This work has not yet proved generally suc-

cessful, although the results fit the limited data available for lead ii---":"

pact. This incomplete work can not be reported yet. It is felt that, at

present, any efforts in this line are at best uncertain and ate probably

doomed to failure because the order of magnitude of the importance of the

various processes occuring is not known. This is illustrated in the dis-

cussion of the failure of the hydrodynamic models to explain the observed

Technical Report UU-9, AFBSD-TDR-62-185, Contract AF 04(647)-942, Pene-
tration and Cratering by Palmer, et. al., nigh Velocity Laboratory,

University of Utah, Salt Lake City, Utah, 30 June 1962. . . .

- 43 -
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energy partitionIng. The attempt to measure the energy involved in

*'. deformat•rr lustrates .first try at remedying the situation and

providin& the basic dat& necessazy before a simplified theory can

be reliably deriveL Any further work fi Impact theory must rely on,

data not. now available which indicates the relative importance of tba-

various processes. Otherwise the theory becomes merely a correlation with .

existing data which is suspect outside the region of validity of the data.

4. DISCUSSION OF PROJECTS AND CONCLUSIONS

""The various projects discussed above have provided considerable nev

information of a fundamental nature. The energy partitioning study has

shown that energy partitioning changes with velocity and thus impact corre-

lations cannot be made beyond•the range of the data. It provides the basic

data for the formulation of impact theory. The need for such data for

other materials than lead and for a wide range of velocities is clearly

indicated. New simple techniques have been developed and proven valid for

measuring recrystallization and locked-in strain energy and spray particle

energy. Techniques for the measurement of subsurface transient tenperature

distributions have shown promise and can probably be further developed.

The work on material properties has resulted in the formulation of

general equations describing the impact properties of materials over energy

ranges of at least four orders of magnitude. The complete range of appli-

cability of this equation has not been investigated, although the limited

investigations and comparisons with static compressional data for liquids

and metals, shock wave compressional data for metals, and general data for

gases indicate great value and utility. ',.-.
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Equations describing the inittiation of flow and the flou properties

Of materials under the conditions met- L impact.t are. nessaxy begogma..

successful theory can be developed. The formulation of such equations Is

not VOW in sight. -The basic understanding of the processes is not available -

and techniques for making such measurements have not been developed. A .

preliminary experimental investigation into this area was begun and holds

promise,although it was not possible to obtain significant data during this

contract time.

The investigation of wave motion in idealized cases has shown the

utility of simplified concepts to described wave propagation. Whether or

not these simplified ideas on "transmitted energy" can be extended to the ,

case of two-dimensional flow is unknown. It is believed that similar -,,.._.

simplified approximations can be found for more complicated flows. Their .'.'

great utility indicates the need for pursuing such an investigation.

The development of techniques for making transient measurements of .. -.

the phenomena occurring in impact has proceeded and promises to be a -.-..- ,

most important tool in further investigations of impact.

The use throughout this research of the approach of observing the

details of the impact process and attempting to describe and understand

them is certainly the only possible approach under the present state of

the art where neither experimental nor theoretical data exist on materials

and their behavior. The utility of the approach is shown by the one test

* case where energy partitioning measurements have shown the hydrodynamical

model of impact to be in error. The test is not certain because of the

"different ri iterials considered in the theory and in the experimental
45-...
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investigation reported here, yet the general aspects of the work certainly ., .-

cast doubt on the validity of the former theory. This could not be done

by earlier dat amon hole size. This work- is worthy of frurther resewA.

"The overall goal-of the project, that of developing general. theory

applicable to a wide variety of materials.--and impact conditions, was not
met. The gathering of essential background inormatin required more tm-'-.-

than was expected and the magnitude of the problem was probably under-

estimated. It is felt that the work as carried out was justified and that

few changes could have been made considering the time and level-of-effort

involved. The work provides a basis in new experimental techniques and a

source of ideas and criticism for any further work in the field. Further

progress will not be made without considerable additional information on

material properties and on the details of the fundamental properties opera-

ting in the flow of material under the conditions generated in high velocity L

impact.

5. RECOO4NENDAT IONS

A proposal has been submitted to the Air Force Ballistic Systems

Di',ision and Aerospace Corporation requesting that this contract be e"

tenned for a three-month period to meet the immediate goals of further

analysis of the data collected on this project, the possible formulation of K "1

theory, and the collection of some additional data. The data desired are

in the energy partitioning study for velocities upto 5 km/sec, and in

the study of the energy involved in deformation by the rod-to-rod impact

process.
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-For long-range goals, it to reommendetý -that the. fundamental in-

- vestigations begun and carried out in this work be extended and continued. _

It is recommended that fundamental studies of material f lov under the hgh-. -

* pressure conditions and -under the high+ stress-rate conditions met Ir high "-"'--"-

velocity impact be made. The details of the expansion process involved in 9_

high velocity impact can.be investigated by impact techniques. It is re-

commended that work in this area be supported in the future. It is recoi-

mended that wave propagation under the actual conditions met in high velocity -- -.

impact be further investigated. It is recommended that inver.igations of

techniques for better measurements of the transient cobditions involved

in impact be made. It is expected that these recommended fundamental studies

will provide a necessary body of information for the formulation of thioreti- -"

cal models 'of the impact process and will lead to a solution of engineering

problems.

Because of the complexity of the overall problem, and the lack of

information available now and which can be expected in the near future, it

is xecomnended that accelerator development to be supported in order that

experimental data can be obtained to test any theory and to provide a check

on enginvering design at velocities from missile velocities to meteor

velocities.
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APP'ENDIX A

Energy-Storage Transitions in Materials

Neil P. Bailey
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In Technical Report UU-1l, equations of state describing the stored "

internal energy u as a function of only the pv product were developed c I

for metals and some liquids. That the energy depends oaly upon the

pv product was checked by Bridgman static test data and by Los Alamos

impact data. The form of equation established is IA .

-=mu
•pv

where k is the fraction of any internal energy increment du that goes

to excite new modes of energy storage.

One very interesting thing appeared in Figs. 5 and 6 of Report UU-Il.

For both water and C H- liquid, the factor k experienced an abrut

decrease. This means an abrupt decrease In the excitation of new modes .

of energy storage. The fact that a change in the electric conductivity

of water is observed in this same range indicates that this transition

involves the electrons. This thought suggests the possibility that a

careful investigation might reveal the same trend in metals and other

Ssolids.

'°•-1--.-" ..2.~~"• COPESO , • ° TION

To resolve this point, a very careful analysis of water, sodium,

borax glass, lead, and beryllium has been made. By choosing very

-49-2.: : .
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compressible and noncoupressible metals as well as nonmetals, th e

.mm.ttgatfam bas bUei t quit, geera!. Tres Z, , 3, 4 an&.

"together with Fig. 1, show the analysis of Bridgman data by the methods

of Articles 5 and 6 of Report UU-11.

Table 1

Water at 80 Degrees F.

14.7 x 144 34.0 ft. lb. per lb.
-oo I1 x 62.4 "

P/P V/V logl 0 Vo/V pv/pv

199.7 .99116 .003858 198.0

299.6 .98688 .005736 296.0

399.5 .98270 .007578 393.0,
499.4 .97872 .009343 489.0
599.2 .97483 .011071 584.0

699.1 .97094 .012806 679.0 L
799.0 .96725 .014461 773.0
898.8 .96366 .016079 865.0

999.0 .96006 .017702 960.0 i-"-." "

1098.5 .95666 .019944 1051.0
1198.4 .95335 .020746 1141.0 -"

1298.3 .95005 .022254 1233.0 ----- 5_

1398.2 .94684 .023723 1323.0
500 .97900 .009922 489.5 "'.

1000 .96083 .017356 960.8
2000 .93011 .031468 1860.0

3000 .90551 .043106 2716.5
4000 .88431 .053391 3537.2 - -

5000 ,86643 .062265 4332.2

6500 .84370 .073818 5640.0 .5

8000 .82444 .083842 6595.5

50.----___ _ _p p I
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Table 2 ,

Sodtfua

14.7 x 144
pv~~ ~~ -.---- 34.94 ft. lb. per lb. * ~

p/0  v/v log1 0 vo/v pv/p v

2.500 .9666 .015023 2,417
5,000 .9376 .027982 4,688
10,000 .8885 .051343 8.,885
15,03J0 .8489 .071144 12,934L
20,000 .8164 .088097 16,328
25 000 .7890 .102923 19,725
30,5~00 .7700 .113509 Z3.100
40,000 .7370 .132533 29,48()
50,000 .7080 .149967 35,400
60,000 .6830 .165579 38,580
70,000 .6610 .179799 46,270
80,000 .6410 .193142 51,280-V..
90,00)0 .6230 .205520 56,070
100,0C0 .6060 .217527 60,600

Table 3

Borax Glass

= 47= 15.21 ft. lb per lb.

p/p v/v 0  log1  v 0 /v pv/p v

5,000 .9655 .015245 4,828
10,000 .9369 .022831 9,369
15,000 .9143 .038911 13,715
20,000 .8946 .048371 17,892
25,000 .8770 .057004 21,925
30,000 .8660 .062482 25,980
40,000 .8450 .073143 33,800
50,000 .8250 .083546 41,250
60,000 .8080 .092589 48,480
70,000 .7920 .101275 55,440
80,000 .7780 .109020 62,240
90,000 .7650 .116339 68,850

100,000 .7530 .123205 75,300 ~W

-51-
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Table 4 _l

14.7 x: 144 .' .. "P. v 3-.0 ft. 1b, per Th.7 -,-,,.-.,
- 0 11.34* x 62.4 .. ,,.

P/Po v/v log v /v pv/Po v'' :'/•+
pi0  0ilo 1 0 vi0 0 0

19,350 .9590 .018180 18,580
29,000 .9443 .026270 27,350
38,700 .9253 .033720 35,800

, 48,400 .9108 .040580 44,100 -
58,000 .8976 .046920 52,050
67,600 .8855 .052810 60,000
77,250 .8745 .058240 67,500 - -

87,000 .8644 .063290 75,200
96,600 .8551 .067980 82.600

Table 5 .

Beryllium

14.7 x 144"

Po l.8 x 144 = 18.4 f£t. lb. per lb.o o ,• 1.845x:62.

P/po V/vo logo10 v/V .p 0 " 0

2,417 .9976 .001040 2,410
4,836 .9953 .002050 4,810
9,671 .9906 .004100 9,570

14,504 .9861 .006080 14,310
19,342 .9819 .007930 19,000
24,168 .9781 .009620 23,660
29,014 .9744 .011260 28,260 .-

33,849 .9706 .012960 32,840
38,648 .9671 .014530 37,400

2-.

*,%.'. 4'* *.'.*• %,,

"- 2 . ,.. *4 ii.." '
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Figure 1 makes it clear that alt the materials shown -- liquid, ..-

solid, • d tai. -- do, indeed, have tansitionas at increased pressure.

The change in the slope k is more marked in very compressible materials ' ,

"such as sodium than it is itr a closely packed structure like beryllium.

These transitions were not detected during the preparation of Report 1UU-11 *

because many slide-rule calculations were used. Following the procedures

K' of J-ll-1, Table 6 gives the values of k and m in

U kS•- mu (1) _ __

pv

Table 6

Equations of StateF- Before Transition After Transition p vM- ateria k'/nkIi •.L,~~-*.i"k 1/m k 1/m P0 "0"

"Water .494 1235 .446 912 34.00
Sodium .482 1964 .398 885 34.94
Borax Glass .477 1762 .387 859 15.21 *.

Lead .482 1467 .444 1068 3.00 -

Beryllium .495 6025 .472 5117 18.40 - .

Figure 2 shows the corresponding u/pv vs. u lines and Fig. 3 shows a

larger scale plot for lead and beryllium along with the corresponding

Los Alamos impact test points.

Figure 3 indicates that for beryllium the Los Alamos or impact

points are on the transition line, implying that the transition occurs

during impact. However, for lead the first -points are near the line

"f" t - "- ?' f .ft. - '
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bef ore transition and at. no tin. does it appear that. the full txnitimo

occurs duting impact.. These two sets of results cannot be taken as

conclusive but they do raise a point of doubt. It is not clear that a

material with a static test transition will) exhibit the. same transition

when tested under impact conditions. More information is. needed.

3.EFFECT OF TASIOSON IMATPRESSURES

An idea of the magnitude of the effect of energy tri~nsitions on

impact pressures may be illustrated for the case of lead. Lead is

chosen because it has only a minor transition as shown by Fig. 1. 
f-.-

Other materials experience more profound transitions.

Using the approach of Article 8, Report UU-ll, the case of any

material impacting any other material may be analyzed. For atiy energy

level u, and pv product, each material reaches a pressure ratio given by,

pa2u.0  (2)

P-~ 4 p

The same approach for a plate a moving at velocity V striking a plate
a

b moving at Vb gives

%,V aVb =relative velocity Fugi+i] (3)

Each material is described by the State equation (Eq. 1) with such values

of k and m as given in Table 6. 
*f -t
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In this way, Ftg.. 4 was caiculated, and it &bows the eifect of

energy transition on the impact pressure of lead striking lead.. Figure

3 suggests that the result could be any place between the two curves of

Fig. 4.

4. IMPACT HEATING

The job of separating t.he part of the shock-produced internal

energy that can be classes as softening, thermal, or lattice vibrational

energy from that which is stored in lattice distortion or molecular

forces is noL a simple one. This part of the internal energy which -

softens and creates fluidity is equally significant in the space problem ,.

of missile penetration and cratering and in the modern processes of

explosive forming or forging of metals.

Such material flow or escape is affected by three factors. It

requires that the material be softened during impact, that pressures

sufficient to overcome flow restraints exist, and that these conditions

are sustained long enough for flow to occur. When cylinders impact

endwise, their impacting ends are "upset" or "mushroomed" and their

free ends are little changed. The pressure, the softening energy, and

the degree of lateral restraint are all constant along the length of the

cylinders. This means that the only difference is the time duration

through which these conditions are sustained. The impacting ends of the

cylinders are under high pressure during the full wave traversing time

and the free ends are stressed only momentarily.

- 58 -
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In Report UU-I. ."Stored Energy of Ckeareased Metals From Shock and .

Static Tests," the basis was established for certain conclusions con- -

"cerning the energy of metals. It was postulated that ot high pressur"s"

all of the internal energy u delivered mechanically is uniquely measured

by the pv product. The internal energy u represents that stored in

Newtonian force fields and that individually possessed kinetically by

the molecules. This vas verified by analyzing shock test data. It ua

shown that

u - k()
pv

where m is a constant for any metal and k is the constant fraction of

each internal energy increment that goes to excite new modes of energy

storage.

In Report UU-ll, it was further shown that if the constant-

temperature static compression of metals is described by the path

equation

du - pdv (4) 1 '

and if Eq. 1 is assumed to apply, the m and k so determined from static "-.

tests are the same as the values determined from dynamic or shock tests.

This makes it appear that Eq. 4 does not mean the same thing in the

compression of metals and liquids as it does in the compression of gases.

In gases, field forces between molecules are negligible and all pressure

-60 -
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manifestations are the consequence of the thermal energy of the individual

molecules. Consequently, during a reversible adiabatic process describe*'

by Eq. 4, there Is a rise in temperature oi the gas.. -

In contrast, pressure effects in solids and liquids are primarily

the consequence of Newtonian forces between molecules and only secondarily

the result of the kinetic energy of individual molecules. All of this

strongly suggests that Eq. 4 describes a compression of a metal when

the internal forces between molecules are in equilibrium with the

externally applied pressure and in such a situation, no energy goes to

kinetic energy of individual molecules or thermal energy. During a

shoCK compression such forces are not in balance and some energy does -

go to excite the thermal energy of molecules.

Because all effects in a gas are kinetic, the same equation of

state will describe the medium whether the energy is added mechanically

or thermally. It is quite evident that this is not the case for metals

because thermal energy unaided cannot store energy in the mechanical

force fields. Unlike a gas, the volume of metal does not increase

indefinitely at zero pressure. This means that thermal energy possessed

by atmospheric pressure p metal is not measurable by the pv. change

alone. It can be related to the specific volume through the specific

heat c of the metal and its bulk or volume coefficient of thermal , - -

expansion a.

u u - c(T-T (5)

0 0
-61--
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and .

giving3

u-0 a v.)

At the pres-at time, values of c and a are known at atmospheric pressure

but not at elevated pressures.

In suammary, theni the preseut, state of the art is something like

this.' At pressures above sr-.y 2000 atmospheres, the energy of metals

Is lescribed by Eq. 1. In this pressure range, any process where the

energy is all stored in Newtonian forces is described by Eq. 4. A~t .*-

atmospheric pressure when all of tOis force energy has been released

the residual thermal energy is described by Eq. 7. .

This leaves undescrilled the energy of metals in the normal strength
"N.9

-

of materials or el~stic range. Thir is really no serious handic~ap in

studying shock phono.. aa since th;. &ctions involved span tnis range. -

-62-
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Extensfve research in cratering, penetration, and the theory of stress-

wave propagation has been carried out in an attempt to develop a success-
IS

ful mathematical theory of high-velocity impact . So far, no general theory

has been developed. To develop this theory, an intensive study of the

processes occurring in the impacted body is needed in order to find basic .. - -<

information on which processes are significant to the system. Work re- ,

ported here was done to obtain this basic information for high-velocity

perforation of thin targets.

2
Humes, Hopko and Kinard have investigated the perforation of single

alunmini targets used as "Meteor Bumpers." They show a series of spark 3. -

shadowgraphs in which exit spray particles can be studied, Also Kineke has

observed spray formation in lead and crater formation in wax in a sequence '- -

L 4
of flash radiograph pictures. Palmer has reported on spray-particle energies

for impact in lead targets. Others5'6,7,8 have studied overall perfor-

ation effects without observing the details of anty processes occurring. ,'-\.'.

In this experiment,a series of spark shadowgtaphs was taken to show

details of perforation produced by the impact of steel balls on lead ..-'. '

plates. The use of spark shadowgraph pictures gives information on sur-

face flow, wave motion, impact flash, and spray-particle generation.

-- . -. I .- .• . .I-''...-•- 
.,
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2.1 S Fartoes r

A kinematic model of crater formation in lead has been developed

by Palmer and used to relate the amount of spray material generated to

the kinetic energy of the impacting projectile. As yet, no dynamic theory

is available to relate forces and material motions. Before such a theory

can be developed, additional experimental information must be obtained on

the time and place of spray-particle generation This must be related

to the general flow and wave motion occurring. An examination of de-

tailed shadowgraph pictures can be expected to give some information on

these subjects. e

It is noticed that the process of spray formation in perforation is

exactly the same as in cratering at the beginning. A later times the

different flow and wave motion in the two cases can be expected to cause

differences in spray-particle generation.

2.2 Stress Waves

In high velocity impact, many kinds of stress waves are generated,

especially in the three-dimensional case. Because of complexity, a

multi-dimensional waves analysis has not been made. Some interesting in-

formation can be obtained utilizing one dimensional concepts and the .' -

fundamental relations of compressible fluid dynamics..

pOU P(U - u) conservation of mass (2.21)

-2

MAP.----- .
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p -po P. YJu conservation of momentum (.2

-pu P i3 e- + u /2) conservaxion of energy (..)..--
0 0

U i-s wave velocity, u is material velocity, p is pressure. po Is density,

and e is internal energy.

Equations 2.21 and 2.22 may be used to eliminate u and U from Eq. 2.23.

The result is frequently called the Rankine-IHugoniot relation

e - (V -v) (P + p) (2,24) i. A.
0 20 o

This equation with the equation of state

-e f f(p, v) (2.25)

of a certain material would provide a relation between p and v which is

called the "Hugoniot p-v relation." The relation has been determined for

specific metals by impact results. With. the relatizn of Eqs. 2.21 and j j
* 2.22, the relation of U and u, or p and u can be found- Hence,

2P u
0 2 e = pUU (2.26)

Figure 1 shows the relation of p and u for lead-

3-
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* ~ ~~~The relation between materi~al velocity u and free-surface velocity Uf *-.*/

when a plane shock Uava arrive-s at~ a. free surface. SAs given, appra-d sately -*

aft 2* (2.27)
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IlLT EXPERIMIEN7AL PROCEDURE AND EQUIPflEWT

FIgure 2 show, tre exper fment•l setnUP used it the testr. The purpose

of the equipment is to take pictures of the impact process IN sequence at

known delay times after impact in order that surface flows, spray, en-

largement of hole diameter, and stress waves can be investigated.

The sequence of pictures is made by.taking one picture at a particular

delay time after impact for each impact and repeating the process with

different delays until the desired sequence is obtained. The assumption.

is made that each impact is the same. The major limitation of the method " "

is that individual spray particles appear in only one picture and their

history cannot be followed. The major experimental difficulty is that

projectile velocity may vary slightly from shot to shot.

3.1 Firing !2Range
Gun and Projectiles. 7/32-inch diameter chrome-steel ball bearings

were used as projectiles. They were accelerated in a smooth-bore, 22-

calibre gun using 32 grains of Hercules 2400 Rifle Powder in 220-swift

cases. The pellet velocity obtained was about 1.5 km/sec.

Vacuum Tank and Accessories. All shots were made inside the vacuum

tank shown in Fig. 2 at a pressure ranging from 0.015 to 0.028 nmn Hg.

At this pressure, impact flash was reduced and did not interfere with

the photography. Large spray particles are not significantly decelerated

at this pressure, and projectiles do not lose velocity between gun and

target. A Stokes model 212 Microvac pump is used with the system and . ''"

pressure is measured with a Kinney McCloud Gage.

-6-
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Targets. Lead plates 2. inches wide, 4 inches long, and with thick-

nresses, t • -4.•5 t 0.01, 0.266 t: 0.004, and 0.132 • 0.O000 in'b w*h W m• .ue

for impact targets. The 0.132 and 0.266-inch targets were cut from lead

plat-e but the 0.425 inch plates were milled from lead block.

3.2 Optical System

Since the intensity of a spark light source is barely adequate for

high speed impact photography, the impact flash must be eliminated. A .

"field-lens technique was chosen to do this. The usual single-lens system

gives a good picture but it is very small; therefore, a modified parallel-

ray optical system was employed as shown in Fig. 3. This system not !-°
only gives a larger picture but also eliminates the converging effect which

makes the magnification difficult to determine. The system gives a clearly

focused picture for any particle between the two lenses. If the camera "_..."_

lens is at the focal point of the second lens, and the light source is at

the focus of the first lens, only the parallel light between the lenses

enters the camera through a small diaphram opening and the diverging

light from the impact flash is greatly reduced. A lens opening of f/22

was used. - ..

Magnification of the system was determined by photographing two

pins set 2 inches apart at the target. The image size on the film was

1.625 inches giving a magnification of 0.8125.

The major difficulty in making measurements of small surface dis-

placements comes from the effect of the target not being exactly parallel

with the light rays. The edge of the target then forms the apparent surface

image. Every effort was made to position the target parallel with the

• . . . . . .. . . . . . . . . . . ..
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S~~light rays. .- ".--

ST~Lenses•. 1Wo air-raft-camens tenses were- aapted for tus& in th& .

,,system. They are Fairchild camera lenses with 12 inch focal lengtht and:

'" a 4 inch inner dameter. The lenses were shielded from spray with cover i-•-'-:

boxes with 1/8 Inch-thick glass windows.

Slight Source. A coaxial barium titanate capacitor was used for the ••X.

storage capacitor of the light source. This spark light was available from
prevous ork13 Ausdoriginally, it had an intensity of about 0.172 x 10 5 •

candle per sq. cm at 15 kilovolts capacitor potential. The pulse duration -•::'':"•

•',- ~~was about 2 micro sec. In this experiment it was found that 8 kilovolts ,.---,

•... ~potential was sufficient to give enough intensity for the camera. r"nis L _

probably reduced the light-pulse duration to less than one microsecond

and the intensity to about 4 x 10 candle per square cm. The light source

is shown in Fig. 4.

Cameras. Two Polaroid Land cameras were used, one for oscilloscope

sweep recording and the other for photographing the impact process. Pola-

scope type 410 film with a speed of ASA 10,000 was employed for impact.

photography, but for sweep recording, an ordinary Type 47

ASA 3000 film was used; A blue gelatin filter was used before the lens .-.

for impact photography in order to reduce the light-pulse duration.

The impact-camera shutter was electrically synchronized with the

gun firing circuit. The oscilloscope camera was manually operated.

"3.3 Timng and Control Circuits

A schematic diagram of the timing and control circuits used is

* shown in Fig. 5. Projectile velocity is measured using an aluminized

-10- W,. -
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- - - -Barium titanate coaxial capacit,

network SteelO. 014 inch

- ~aperture

0.06 inch spark gap

Cylinder case 1 ft. lonig filled with transformier oil .**

Coaxial capacitor

0.031 jif

20 meg

2omeg30 k

500 ~Ipf P~ulse trans. Pulse from thyratron .*

Light ou totige

TrigerHigh voltageo--

8 kv supplyeecrd

Fig. 4. Spark-gap light source. ..
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M!ylar screen anid a printed-efrcult grid to start and stop a .time-intc. 0a1 .

counter- The light flash is c~atrolled by a pulse from the grid through ~

a delay ctreuir. The time of impact is deter~mined by observing the impact

flash, and -the time of the light flash is determined by a pulse sent from .~ *

the light source. A description of the individual units follows. -

K ~~Time-Interval Counter and Pulse-Forming Networks. For velocity measure- .-

* ment, a Berkeley universal E put and Timer model 736Q is used. A starting

pulse is obtained from a capacitor-type pulse-forming network employing .L

an aluminized -Mylar screen as a "make" switch. The circuit is shown in

Fig. 6. The output pulse is about 90 volts positive. The counter is

stopped by a pulse caused by breaking a conducting grid painted on paper.

* The two switches are set 26.5 ft:. apart. The circuit of the second pulse-

*forming network is shown in Fig. 7. The output pulse is about 80 volts

positive-

Delay Unit and Light-Source Trigger Unit. The trigger pulse from the

second pulse forming network is fed to a delay unit to cont rol the time of

flasb of the light source. The circuit diagrarn and pulse waveforms of

t-Ie unit are shown, in Fig. 8. The output pulse is about 200 volts. Delay

can be contr lled from 3 to 330 11 sec. Pulse width is'S 5 sec and rise

time is 1 1: sec.

The pulse from the delay unit goes to a li,-ht-source trigger unit

using a thyratron pulse-forming circuit and a pulse transformer. The

circuit d4agram is shown in Fig. 9. The trigger unit is a modified

L Navy radar modulator unit. The output from the trigger uni'. is a 10

kilovolt, 1 p sec duration pillse. When this pulse is ap!Ai ed to the trig-

ger electrode of the spark gap, the gap breaks doxvn and discharges the

-13-



I ~ ~Neot Ilight -. j

100 k

J'Toggle ~1
Sswitch

9 0.0-2 PfI -%

j ~Aluminized10

Dry cef Mylar screen

010v4

To time
-: 10 counter

Fig. 6. Make-type pulse-formting circuit with aluminized Mylar screen.
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Fig. 9. Thyratron switching circuit.
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* storage capacitor producing the light flash.

:'•4l~ 
*...-,.-..

Ftototube Cicuuit. The time of impat is. determined by obser-.--fl'

the impact flash with the phototube circuit shown in Fig. 10. The time of "-..

the light flash is determined by a pulse-from the flash unit. The cir-

cuit connectionz is shown in Fig. 4.
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IV. EXPERDMENfTAL RM$ULTS

Typical ftpact oscillograms are shown in Fig. 11; the upper trace is

the response from a 929 phototube. The lower trace is from the light source. -

The time difference between the pulses on the two traces is the approxi-

mate time after impact of the photograph. This is considered more accurate

than a manual delay-setting reading.

Three series of impact shadowgraphs are shown in sequence in. Figs. 12 ----.. ..

to 15. Data of the experiments are in Appendix A. The experimental results

are discussed under the headings, "Impact Flash," "Spray Particles," "Surface

Flow," and "Penetration."

4.1 The Impact Flash

From the oscillograms it is seen that most impact flashes have A

duration of about ten microseconds. A peak voltage of about 12 volts is - L...

observed at 200 micron pressure. The phototube load resistor is about

47 k ohm and the tube is placed 25 cm from flash point. The characteristic

of the phototube is such that it will give about 50 pa plate current9 for

a luminous flux of I lumen. From this, the luminous flux received is

calculated to be 5 lumen. With a phototube cathode area of 3.28 cm2

caclae tob, umn i the--

solid angle intercepted is 5.25 x 10"3 steradian. The candle power of

the source is then about 950 candle power. Assuming an area for the. impact

2 2
flash of 1 cm the brightness is about 950 candles per cm This bright-

ness does not have much effect on the photographs because of the optical " -

syste. used and the use of the blue gelatin filter. Some impact flash

can be noticed.

-20
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b. About 140 M sec after impact.
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Fig. 11. Typical impact oscillogram. The upper trace on the ALI
response from impact flash, the lower traces dre
pulses from light source.
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Fig. 12. Perforation of 0.426 inch target.
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From the oscillograms ard the known velocity of a pellet, it is

possible to calculate the time the impact flash occurs after the pellet

touches the target surface. The result is in the order of I to 2 micro

seconds,which is in the range of error of the interpretation of oscillo-

grams. Consequently it is reasonable to assume. that the flash occurs

"at the time or. impact. The time difference between the two pulses from

the oscillograms is taken as the delay time after impact thoughout this

work.

"4.2 Spray Particles

Since the pellet perforates through the target, there are spray

particles both at the front and back of the target. The results are as

follows.

"Front-Surface Spray Velocity. Ftom Figs. 12 through 15, the distances

of spray travel are measured, and with the corresponding time intervals

from the oscillograms, the velocities are comdputed. Results are shown

in Table I for various exit angles measured from the target face.

"TABLE I

"Spray Particle Velocities (km/sec)

Target Time 10 5o 150 300 45r"

...- interval __-__'____

0.425 0 - 2" 11.6 10.8 10.1 7.66 4.69

inch 0 - 10 4.69 4.07 3.76 3.13 2.19

2 -- 10 3.13 2.8 2.68 2.15 1.57

0.266 0 - 2 12.1 11.5 11.1 7 3.9

"inch 0 - 4 6.5 6.2 7.8 4.3 3.1

0 - 15 3.64 3.12 2.71 2.08 1.36
"4 - 15 2.55 1.99 1.7 1.41 0.56

0.132 0 - 2 10.1 9.4 7.8 4.68 2.34

inch- 0 - 12 4.82 4.17 3.9 3.38 2.3
2 - 12 3.75 3.2 3.14 3.1 2.32

- 26 -
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P,_, • The velocity is found to vary with exit angle measured from the target ,.-

face. The variation with target thickness is sligrt. The leading -edge .

of the cloud of spray material is measured in all cases.

It It is seen that the velocity decreases with time for a given exit ___

angle. This indicates that the initial material coming off is very fine -

"and is decelerated rapidly. The fastest material appears to be a cloud of

|* smoke in the pictures. The larger particles which appear in the later

"photographs have lower initial velocities and their deceleration is

"* -'. ".-" negligible. The measured velocities are not exact because of'the lack

of precise knowledge of the time and place of origin of the material

composing the cloud. S

"The velocities reported here are higher than those reported previously

*for cratering in thick lead targets. In this earlier work, only large

S. particles were observed over times of 10 to 115 g sec. The major part

"of the energy and mass carried away with this spray material was associated

with the large particles.

Back-Surface Spray Velocity. From Figs. 12 through 15, the back- r-

surface spray can be observed. It is seen that the exit spray comes out

at angles between 50 and 90 degrees with less variation of velocity with

--L angle than the front spray. The instantaneous position of the front of

the bulge is plotted Fig. 16. The slope of the lines gives the velocities

indicated. The scatter in the data and the small amount of data prevent -"

the observation of any changes in velocity which might be caused by ma-

* . terial strength as the particles break free.

Target Mass Loss. The total mass of material lost as spray was

*" found by weighing each target before and after the shot. The data are

- 27 -
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in Appendix A. Average results are shown in Fig. 17. It is seen rhaL

spall mass increases with increasing, target thicknes* then reaches a peak

14"and finally decreases. The value for a semi-infinite target is shown.

4.3 Shock-Wave Pressure

If the back spray velocity is considered to be the free-surface

velocity, the material velocity can be found from Eq. 2.27, uf = 2u.

Knowing the material velocity, the pressure can be found from the data

in Fig. 1. Shock velocity also can be calculated using Eq. 2.26.

The results for the pressure at three different depths, corresponding

with the three target thicknesses used, are plotted in Fig. 18. The

curve represents the pressure decay in a target in impact. For com-

15parison,for a steel'pellet penetrating into water, the pressure wave

decays inversely proportionally to the distance of travel, r. In this

"case shown here, the decay is more rapid than 1/r. This result agrees

16
with the work of Moreno who found that the pressure decay for impact
Sin aluminum is faster than I/r.

"4.4 Surface Flow

In Figs. 12 to 15 the movement of material surfaces can be observeJ.

These pictures can be used to determine the flow of the back surface in

the direction of projectile travel as discussed in Sections 4-2 and 4.3.

The radial expansion of the hole can be observed on both the front and

back surfaces and the position of the inner surface of the hole can be

estimated from the angle of ejection of the spray material- (The relation

of spray direction to hole diameter can be estimated from radiographs of

-29-
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Cratering in.other materials 3 although no data are available for lead).

These meastre.ut oMUMPf OWe tfaw bfstorT of hole ealargemernt are show.tr In

Figs. 19 to 21. An empirical equation as follows was found to fit the .-

data shown in Figs. 19 and 20. * ___

tt

r instantaneous radius of deformed

sur face

t time after impact

msn =constants

The t-wo arbitrary constants m and n are determined by their boun- j &
dary conditions. For example at t, nm t V Thu~s

The velocity of surface movement if obtained by diffe-entating

Eq. 4.41 with respect to time. Hence if V is an instantanecus velocity,

then

tV

V me (i-)(4.42)

2.2.: 32-
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Fig. 20. Opening of perforation.
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At t 0 0, the initial velocity is

"."" • Vi ,, ~~me ,,-' ,,.4,-

- 2.718 a (4.43)'

The curves in Figs. 19 and 20 represent theoretical plots from the

empirical formulas. The need of the empirical formula is to provide

smooth curves from which to obtain velocities, since numerical differentia-

tion is inaccurate.

No simple equation was found to represent the data of Fig. 21 because

of the variation in target thickness. The curves are fitted by eye and

velocities obtained by graphical differentiation. '"5

Values of n and n for various target thicknesses are shown below:

TABLE2 2

Thickness inches 0.425 0.266 0.132.

m n a n. n ,
inch/sec 4 sec__-.-.

Outer lip
radius r 0.0132 48 0.0143 40 0.014 30

Hole radius r1  0.00802 50 0.00805 46 0.0076 42

From Eq. 4.43, it is seen that initial velocities are a function of M.

They should be the same for a particular impact velocity. Table 3 confirms

this. The average intial velocities are' found to be 0.958 km/sec for the

-36-
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outer lip radius and 0.545 km/sec for the hole radius.

The radial velocities of the three disturbances representeaL by xo .

and rb are shown in Figs- 22 to 24 for the three target thicknesses. These

may be considered as distortion waves or plastic waves. -These velocities

"may be compated with the elastic longitudinal bar-wave velocity of 1:. km/sec _

and the longitudinal dilatational velocity of 2.1 km/sec.

4.5 Subsurface Waves

A plausible picture of the propagation of the shock wave, its decay

into a sound wave, and the propagation of the plastic flow waves is shown

in Figs. 25 to 27 for the three targets. The pictures are drawn from the - -

photographs and the velocity data of the previous sections. The shock wave

is shown as a dotted line and the beginning of the plastic flow as a dashed

p line.
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V. SIROIAR AND CONCLUS IONiS

A study 0f the perforation process was made by carefully observing a

sequence of igiadowgraph pictures. The initLial. spray velocity from the front-

of the target was measured and found to vary from 1.5 to 1.0 Wmsec. These e

velocities are much higher than those reported previously. The difference -

is due to the fact that the initial spray is observed here and was neglected

in earlier w~ork. Shock wave propagation was observed and from measured free-
AV~

surface velocities, the shock pressure was computed. Pressure was found to

decay more rapi~dly than 1/r. Plastic fl~ow was observed and its propagation

measured. -Conisiderable time lag was cdoserved between the passage of the____

initial wave and the beginning of large-scale flow.

This work should be extended to other materials and different velocities.'

* The results obtained illustrate the utility of the techniques developed .**

here and have provided preliminary data for one material. They serve as

a necessary basis for any future theoretical development.

44



6

- h�-� -... �0
-I,
* �- -

9

APPENDIX A
-I -

�
.1�

.4

S

.-

* N �..

-45- r *

S S

....................................................-I*.h�. . . .



am f. in ca = , W% 00 co %D z. "~ in ._ r- 0 f'- 0 an .T No '04 -
t .. 0F a n om 4% i %q %q Io v . 4- w -4

0 "+ OD D 0 00OD CO 0 0 0000 0 0 f-. t- r= r'. f, P.fýfý P. 1.. l's t. - . ý f.l' . '0

C;' CS.; C c

0%oc mc m hmm1.0 00 c DC oC4 G
04 Iu > . . . . . . .
4.J 0.%-o rý ODs ~ ~ t

0 A. -A

14 co a

C I d V3 " " w -4 0 0-C' 4 N r- 0000,ASMAn00114
Nj~ 1- C1 -d 04CJ't'4 a Jr . -4 14 4-C4

PA CI G 0 0an C0 00C C 0u U, OtC>Alvit cP i~nO OanO

41U to. 4ý 4C-4C4 I M - '4 - 4-4. 4-4 CIZ 40C-4 .- 4 C4 -4

ou Q LO .n 0 0 C% 00 0 m0 c'i 0 0 0 Cn -,t a-I .4 a-I 0 0 C',LI in M% s

0 -0 - .- a
4

d
34 )> tot

P4-
-A 4

> >
(D' .* 0 . 4 -141 ' a- 2 0 oo 0.3- n ), - %0 e4 -itn co .4 an t- an4 3.oý f-I %D aL C-4 U, C) U)UI 4' U V- 4.3 4j Z q -4 IAI C,4~A I coAU C) A4 IIV AD

VA 0 j o -4 co%D -4 0% a %4U 4C.'%0-4 .rL 4x 0 4-404 (D 'C4 O & -
01 fa & o%0i nD& nL %0 %o %.o ,I -4AD a,%0% 0 %0Uin i T.%DL.I- O4

c- 4c n 4C4C 4 4 C* Df %Du Iý %0 %D %D %'.OD0 D %0O%0OCn

f .4 ' T - T C J 00 00 0 0 0 0 0 0 0 0 0 0 0 0J C 0 0C0 0 0 C C C

a.; C;C C ; ;C

-46- *.



* Si

r 9).-1 C> -%C1e r 4r

.. .. .._ =~.L ....

__C)0an0- co 1

j M c r-00 CDf 0~0 0:O

IE 6

Ui 0
- -~IJ4) tu 

17-1

04J 0. C1 A min 0 IAI a m~I

ýr4 -__ _ _ _ __Vfnm

cnUI(~CC(

--4

IJ ,44) L C14 -- T o C4
C)~~ .) .n "o LM I , !D. *4 * -t



BIBLIOGRA--.

1. Werner Goldsmith, Impact, Edward- Arno.Ld LTD., Londonl, 1960. -

.2. Don Humes, R. N. Hopko, and V. H. Kinard, "ain Experimental Thvestigate %%--
of Single Aluminum 'Meteor Bumpers'," Proceedings of the Fifth
Hypervelocity Impact Symposium, Vol: 1,Part 2, 1962; .
p 61.

3. J. H. Kineke, Jr., "Observations of Crater Formation in Duetile Materials,"
Proceedings of the Fifth Hypervelocity impact Symposium, Vol. 1, - "
Part2, -- 339. - ¶ "

4. E. P. Palmer, "Perforation of Multi-Layer Plates," First and Second
Quarterly Reports, Contract AF 04(694)-259, High Velocity Labora- .... -

tory, University of Utah, Salt Lake City, Utah, Sept., Dec. 1962.

5. R. W. Watson, "The Perforation of Thin Plates by High Velocity Fragments,"
Proceedings of the Fifth Hypervelocity Impact Symposium, Vol. 1,
Part 2, 1962, p. 581.

6. R. Vitali, K. R. Becker, and R. W. Watson, "Perforation of Finite Targets
by High Velocity Projectles," Proceedings of the Fifth yperyelqc"i"
Impact Symposium, Vol. 1, Part 2, 1962, p. 593.

7. Wm. S. Partridge, C. R. Morris. and M. D. Fullmer, "Perforation and Pene-
tration Effects of Thin Targets," Proceedings of Third Symposium
on Hypervelocity Impact, Vol. 1, 1959, p. 83.

8. C. E. McDermott, E. T. Cannon, and R. W. Grow, "Temperature Studies and
Effects in Perforation of Thin Aluminum Targets," Technical Report
UU-3, University of Utah, May 15, 1959.

9. E. P. Palmer, Third Quarterly Report, Contract AF 04(694)-259, High
Velocity Laboratory, University of Utah, March 1963.

10. J. M. Walsh, M. H. Rice, R. G. McQueen, and F. L. Yarger, "Shock Wave
Compression of Twenty-Seven Metals. Equat.ion of State of Metals,"
Phys. Rev. Vol. 108, 1957, p. 196.

11. G. E. Durall, "Some Properties and Applications of Shock Waves in Metals,"

Response of Metals to Hih Velocity Deformation, P. G. Shewmon and
V. G. Zackay, Interscience Publishers, New York, July 1960.

12. F. S. Minshall, "The Dynamic Response of Iron and Iron Alloys to Shock

Waves," Ibid. p. 10, July 1960.

13. W. L. Brown, "Precision Photography of High-Velocity Impact," A Bachelor's
Thesis, Department of Electrical Engineering, University of Utah,
1963.

48

°- '.. ° "
* - " *-'- .



* ~14ý. L .. Palmer, 3. 2.- Bailey, C- L. AkDermott, G.~ U. Tuzar IL.M m
* ~~S. IL. Taylor, and 1.. C-. Bryn"r, *yourth 4Qwwterly Report azA

Final Report, Contract AF 04(647) -942," Technical Report UU-9 9
University of Utah, High. Velocity Laboratory, June 1962, p. 30.

15. 3. H. McI~illen, "Shock Waves Pressures in Water Produced by Impact -

of Small Spheres," The Physical Review, Vol. 68, No. 9-10, S
November 1945, p. 198.

16. E. Moreno, "Pressure and Density Measurement in the Crater Region,"
A master's thesis, Department of Electrical Engineering,
University of Utah, June 1962.

49

I~5)~..~%


